Here, we review the relationship between the distribution of modern-day seafloor 45 hydrothermal activity along the global mid-ocean ridge crest and the nature of the 46 mineral deposits being formed at those sites. Since the first discovery of seafloor 47 venting, a sustained body of exploration has now prospected for one form of 48 hydrothermal activity in particular -high temperature "black smoker" venting -49 along >30% of the global mid ocean ridge crest. While that still leaves most of 50 that ~60,000km continuous network to be explored, some important trends have 51 already emerged. First, it is now known that submarine venting can occur along 52 all mid-ocean ridges, regardless of spreading rate, and in all ocean basins. 53
Hydrothermal exploration of mid-ocean ridges:
6
Where might the largest sulfide deposits be forming? 7 8 Christopher R German Highlights 90
• On slow spreading ridges, a higher proportion of active "black smoker" systems 91 host large seafloor massive sulfide deposits than they do on fast-spreading 92 ridges. 93 94
• The largest seafloor massive sulfide deposits found on slow spreading ridges 95 are associated, typically, with long-lived tectonic fracturing, presumably as a 96 result of sustained fluid flow. 97 98
• Among active, tectonic-hosted vent-sites on the Mid-Atlantic Ridge, those that 99 also involve water-rock interactions with ultramafic rocks yield the highest 100 average Cu (>10wt.%) and Au (>3ppm) contents in surficial sulfide samples. 101 102
• Distributions of hydrothermal plume signals over ultra-slow spreading ridges 103 (with the exception of the Gakkel Ridge) appear to show the same ~50:50 104 distributions between magmatic and tectonic control that is seen for the slow-105 spreading Mid-Atlantic Ridge. 106 107
• Along ultra-slow ridges preliminary observations from the first three "black 108
smoker" vent-sites tracked to source indicate that both magmatic and tectonic 109 systems can give rise to large seafloor massive sulfide deposits that are also 110 anomalously enriched in Cu and/or Au. 111
Introduction 112
Nearly 40 years after the first discovery of seafloor hydrothermal venting and 113 associated massive sulfide deposits at mid-ocean ridges (Corliss et al., 1979 ; 114 Francheteau et al., 1979; Spiess et al., 1980) , high temperature "black smoker" 115 hydrothermal systems are now known to occur in all ocean basins and along 116 mid-ocean ridges of all spreading rates (German & Seyfried, 2014) . Close to 300 117 high-temperature "black smoker" hydrothermal fields are already known along 118 the ~60,000km of the global Mid Ocean Ridge (MOR) system of which 113 have 119 been visually confirmed and a further 159 have been inferred from systematic 120 water column plume surveys (Beaulieu et al., 2013) . Statistical interrogation of 121 the global InterRidge vents data-base allows us to predict that a further ~800 122 MOR vent-sites remain to be discovered, predominantly along slow-spreading 123 ridges (defined as < 55 mm/yr full spreading rate; Beaulieu et al., 2015) . 124
125
Our current state of knowledge ( result, approximately decadal reviews of the current state of the art, as 132 embedded in the global InterRidge vents database, have allowed us to progress 133 from knowledge of vent-distributions along less than 10% of the global system to 134 more than 30% of the ~60,000km mid-ocean ridge crest having been surveyed 135 (Baker et al., 1995; Baker & German, 2004; Beaulieu et al., 2015) . 136
137
An important consideration concerning how our understanding of the global 138 distribution of ridge-crest venting has progressed over the past 3 decades is that 139
we have explored, primarily, for one specific form of hydrothermal activity -the 140 high temperature fluid flow that is emitted from "black smoker" vents and results 141 in characteristic particle-laden plumes that can be detected readily from water 142 column surveys using CTD-rosette systems or, increasingly, using purposefully 143 designed MAPR instruments that have revolutionized the international 144 community's ability to explore for hydrothermal activity in parallel with co-145 registered petrologic and geophysical investigations (Baker et al., 2010) . In this 146
paper we combine insights obtained from two sources: (a) our progressively 147 In a highly influential early paper, Baker et al. (1996) noted a close correlation, 203 from surveys along the Juan de Fuca Ridge and the northern and southern East 204 Pacific Rise, between the incidence of hydrothermal plume detection along a 205
given section of ridge-crest and the full spreading rate of the underlying seafloor. 206
The same correlation, it was argued, could also be applied to preliminary 207 investigations from the slow-spreading Mid-Atlantic Ridge with hydrothermal 208 plume activity predicted to reduce to zero at zero spreading rate. Independently, 209 however, German & Parson (1998) "spreading rate" model (Baker & German, 2004 ) what was also recognized was 216 that the incidence of high-temperature hydrothermal activity tends to be 217 suppressed in close proximity to ridge-hot-spot interactions, presumably due to 218 increased plastic rather than brittle deformation in the over-thickened crust 219 spreading rates. The resulting linear fit to the data both resembles but also 234 exhibits significant departure from the original "spreading rate" model of Baker et 235 al., (1996) : the slope of the best-fit correlation is now shallower and the trend no 236 longer predicts a zero incidence of hydrothermal vent activity at zero spreading 237 rate (i.e. sustained hydrothermal venting despite zero magmatic heat flux). 238 Figure 3 shows a directly related plot for the slow-and ultraslow-spreading ridge 239 survey data (full spreading rates <55mm/yr) that were used to generate the 240 single average values for slow and ultra-slow mid ocean ridges shown (with 241 corresponding ranges of uncertainty) in Fig.2 . Here, we argue that these data 242
can be fit to a single, global, linear trend but that an alternate representation 243 would be to consider the same data as two separate classes: those for which the 244 frequency of venting could already be predicted from magmatic heat budget 245 alone, using the original model of Baker et al. (1996) and those for which an 246 additional cause of seafloor hydrothermal venting is required. In the latter case, 247 our interpretation of the data would be that magmatically-controlled venting 248 would, indeed, decrease to zero at zero spreading rate (no magmatic heat 249 budget) but that, at spreading rates of < 40mm/yr (which corresponds to ~50% of 250 (Table 1) . 287
288
In contrast to the magmatic vent sites described above, a second class of 289 hydrothermal field has also been recognized along the slow-spreading Mid-290
Atlantic Ridge, illustrated here by the Rainbow system at 36°14'N ( Fig.5 ). There, 291 deep penetrating faults rather than recently emplaced volcanism represent the 292 dominant geologically controlling feature observed from detailed seafloor 293 investigations. In some cases, including at Rainbow, these faulted systems 294 coincide with the non-transform discontinuities between adjacent second order 295 ridge segments (Gracia et al., 2000) . In other cases, tectonics-controlled 296 systems can occur toward the centers of ridge segments, directly associated with 297 the rift-valley walls, as seen at the TAG hydrothermal field (de Martin et al., 298 2007). Many tectonic systems, including both TAG and Rainbow, are also 299 hosted by long-lived detachment faults which, in a subset of circumstances, can 300 lead to core complex formation, the exhumation of ultramafic rocks and/or the 301 involvement of serpentinization reactions within the hydrothermal circulation cell, 302 beneath the seafloor (Fouquet et al., 2010) . Vent sites within this category are 303 often much larger than those found in magmatic settings (Table 1) 2011). The key to providing access to that heat in tectonic settings, however, is 316 through deep-penetrating faulting (e.g. Gracia et al., 2000) including, for at least 317 a subset of all such sites, long-lived detachment faults (Cannat et al., 2010) . 318
Indeed, even in the most peridotite-rich oceanic core complexes studied to-date 319 width and permeability contrast) is too high then extensive mixing will occur 338 subsurface and only low-temperature (metal-poor) hydrothermal fluids will exit 339 the seafloor. Conversely, if the fault transmissivity is too low then the fault in 340 question will fail to "capture" the hydrothermal circulation cell and deflect it off-341 axis such that sustained tectonic-controlled venting away from the neovolcanic 342 ridge-axis (and associated formation of large tectonics-hosted seafloor massive 343 sulfide deposits) will fail to arise. a summit that is almost as shallow as the adjacent rift-valley walls (Fig.6) . 355
Clearly, this volcanic construct must result from an anomalously extensive and 356 sustained focussing of magma delivery toward the center of this 2 nd order ridge-357 segment which, rarely for a slow-spreading Mid-Atlantic Ridge segment, has also 358 been shown to be underlain by an active magma chamber (Crawford et (Fig.7) . From the perspective of past and present syntheses of 380 global vent distribution, we would argue that it is these tectonically-hosted vent 381 sites along the Mid-Atlantic Ridge that may account for the "excess" in 382 hydrothermal plume signals and, hence, inferred abundances of venting that are 383 observed along slow spreading ridges when compared to what was originally 384 predicted based on spreading rate alone. This is readily illustrated by referring 385 back to the plume survey areas A, B and C highlighted in However, since only one of those plumes has ever been tracked to source, the 395
Rainbow vent-site, the importance of tectonic-hosted venting may still be under-396 represented in Table 1 . If so, this is important because our analysis of seafloor 397 deposits underlying MAR plume-signals has revealed that not all "black smoker" 398 hydrothermal systems are alike. Rather, it is the tectonic hydrothermal fields that 399 host the largest SMS deposits, in terms of areal extent mapped at the seafloor 400 (Fig.8a) . Further, it is a subset of those tectonic-hosted systems, alone among 401 all mid-ocean ridge SMS deposits worldwide, that exhibit high concentrations of 402 copper and gold in seafloor sulfide samples with >10wt.% average Cu content 403 and >3ppm average Au content (Fig.8b) . 404
405
We hypothesize that both the size and content of a tectonic-hosted SMS deposit 406 can be explained from their geologic setting. First, as discussed above, 407 tectonic-hosted vent sites are closely associated with both deep-penetrating and 408 long-lived faults that form the rift-valley walls and non-transform discontinuities of 409 the slow-spreading Mid-Atlantic Ridge. As such, they have the potential to 410 provide access to much larger reservoirs of heat associated with the 411 emplacement of oceanic crust than is likely to be the case at a magmatic system 412 where intrusion of a 1m-wide dike, fed from a shallow underlying magma-413 chamber might be considered the "quantum" event for seafloor spreading -a 414 mechanism that also restricts fluid penetration to be much shallower (see, e.g., 415 1998) when compared to the surface sample values reported here (Table 1) . On 436 the other hand, it is unlikely that the Au enrichment we see at tectonically-437 controlled sites is solely related to a sampling bias, since no magmatic-controlled 438 site shows an Au-enrichment along the Mid-Atlantic Ridge despite the fact that 439 preferred sampling of chimneys is apparent at all sites included in Table 1 . 440
441
From our studies of the slow-spreading Mid-Atlantic Ridge, then, two important 442 inferences can be drawn: 443 i) one should expect a higher incidence of hydrothermal plume signals derived 444 from high-temperature "black smoker" venting along the ~25% of the global ridge 445 crest that is slow-spreading (20-40mm/yr) than would be predicted from 446 magmatic heat flux alone. 447
ii) wherever a hydrothermal plume signal on a slow-spreading ridge overlies a 448 tectonic rather than a neo-volcanic seafloor domain, one should expect the SMS 449 deposit at its source to be larger than typical (≥10,000m 2 ), or exhibit unusually 450
Cu-rich (≥10wt%) and Au-rich (≥3ppm) surficial sulfide samples, or both (Fig.8) . on the MAR, would be assigned to a tectonically-hosted vent-site. Consistent 512 with that, a detailed 5m-altitude photo-mosaic survey of the active hydrothermal 513 field using the ABE autonomous underwater vehicle has allowed us to map an 514 extensive area of ~10,000m 2 in which seafloor massive sulfides have been 515 imaged continuously and which also hosts multiple point sources of active "black 516 smoker" venting (Fig.9 ). This deposit is directly similar, in size, to the large 517 tectonically hosted systems reported previously from the Mid-Atlantic Ridge 518 (Table 1) . 519 520 The Loki's castle hydrothermal field (73°33'N, 08°09'E) is located in the 521 easternmost segment of the Mohns Ridge, immediately adjacent to the southern 522 limit of the Knipovich Ridge, which is also ultraslow-spreading (Pedersen et al., 523 2010). There, high temperature venting issues from four active black smoker 524 systems all located along, and close to the summit of, an axial volcanic ridge that 525 extends for ~30km along axis (Fig. 10) . When compared to previously 526 investigated sites along the Mid-Atlantic Ridge, the geologic setting for this site 527 corresponds most closely to the Snake Pit and Broken Spur hydrothermal fields 528 (Table 1) . What is particularly unusual about this site, therefore, is the 529 recognition that seafloor massive sulfides associated with the venting extend 530 across a much wider area than has been identified at other, similar, magmatic-531 hosted vent settings (Pedersen et al., 2010) . At Loki's Castle, venting occurs in 532 two adjacent clusters each hosted in mounds that are ≥150m in diameter, 533 yielding an estimated area of deposit of ~35,000m 2 , i.e. greater than both the 534 tectonically hosted 49°39'E site on the SWIR (Table 2 ) and, indeed, any of the 535 SMS deposits associated with active hydrothermal venting on the MAR (Table 1) . 536 537 Intriguingly, directly comparable discoveries have also now been made on the 538 ultraslow spreading Mid-Cayman Rise (Table 2, Fig.11 ). At the Piccard 539 hydrothermal field, Kinsey & German (2013) have mapped out a series of seven 540 conical mounds of seafloor massive sulfide deposit, three of which continue to 541 host active venting (the Beebe Vents, Beebe Woods and Beebe Sea mounds). 542
As at Loki's castle, high temperature venting at the Piccard Hydrothermal Field is 543 situated along the crest of a spur of pillow-basaltic material which buds out from 544 an ~15km long axial volcanic ridge (Kinsey & German, 2013 ). The two high-545 temperature "black smoker" vents (Beebe Vents, Beebe Woods) are each 546 associated with mounds that are ~60m across while diffuse flow is all that 547 continues to exit the much larger (~100m across) Beebe Sea mound. 548
Cumulatively, including the immediately adjacent extinct mounds, seafloor 549 massive sulfides at this location have been mapped to cover an area of 550 ~15,000m 2 which, again, is in excess of the size of the 49° 39'E tectonically-551 hosted system on the SWIR. In terms of other active magmatic-hosted vent-552 sites, the SMS desposits reported here are comparable in extent to those from 553 the Lucky Strike and Puy de Folles vent-sites even though the geologic setting, 554 as at Loki's Castle, appears more directly comparable to the axial volcanic ridge 555 settings of both Snake Pit (Gente et al., 1991) and Broken Spur (Murton et al., 556 1995) . 557 558
Discussion 559
In a recent paper, Beaulieu et al (2015) predicted that nearly 800 vent-sites still 560 remain to be discovered along Earth's mid-ocean ridges (compared to the just 561 over ~300 sites that are already known, Beaulieu et al., 2013) . Of these, it is 562 predicted that up to 200 sites remain to be discovered along intermediate-563
spreading (55-80mm/yr) ridges, together with perhaps 200 more, cumulatively, 564 still to be found along fast and superfast ridge crests (spreading at >80mm/yr). 565
Most important for this study, however, is the complementary prediction that a 566 further ~400 vent-sites remain to be discovered (i.e. significantly more than have 567 ever been discovered to-date, worldwide) along mid-ocean ridges spreading at 568 <55 mm/yr full spreading rate (Beaulieu et al., 2015) . Of these, the vast majority 569 (>300) are predicted to occur along the ~50% of the mid-ocean ridge crest that 570 spreads at 0-20 mm/yr or 20-40 mm/yr (Fig.12) . This provides an interesting 571 convergence with an independent approach pursued by Hannington et al. (2011) 572 who analyzed a comprehensive data base for seafloor massive sulfide deposits 573 (active and inactive) and predicted that mid ocean ridges spreading at <40mm/yr 574 should host 86% of the cumulative tonnage of seafloor massive sulfides along 575 the global mid-ocean ridge crest (Fig.13) . 576
If we assume a pattern for slow-and ultraslow-spreading ridge-crests that follows 578 that for the central Mid-Atlantic Ridge we would predict that about half of the 579 >300 active vent-sites predicted to await discovery along ridges spreading at 580 <40mm/yr will occur under tectonic control -similar to the ten tectonic-hosted 581 active sites already identified between 8°S and 45°N on the MAR (Fig.7, Table  582 1). Further, all >150 of these tectonic sites would have the potential to host large 583 (>10,000m 2 area) seafloor massive sulfide deposits and, equally, all >150 such 584 sites would also have the potential to contain polymetallic sulfides enriched in Cu 585
and Au. Even this may represent a conservative estimate of the resource 586 potential for Earth's slowest-spreading ridges, however, when one considers the 587 most recent discoveries in the field. 588 589 First, along the slow-spreading Mid-Atlantic Ridge, two magmatic sites -Lucky 590 Strike and Puy de Folles -have now been shown to exhibit anomalously large 591 SMS deposits (Fig.8a) . Further, there is preliminary evidence (but the size of the 592 sample set is small) to suggest that the Puy de Folles system can also give rise 593 to high Cu grades in surficial sulfides at the seafloor (Table 1) There is a further reason why the resource potential of ultraslow ridge 617 hydrothermal systems may have been underestimated until now. As discussed 618 previously (Section 3), on the slow-spreading Mid-Atlantic Ridge it is only at that 619 subset of tectonic hosted "black smoker" vent-sites where long-lived detachment 620 faults cause uplift of underlying mantle rocks to sufficiently shallow depths that 621 resultant vent-fluid chemistries give rise to anomalously copper-and gold-rich 622 surficial seafloor massive sulfides (Table 1) were able to access and extract all of the heat available from just ~3.5-5.5km 630 along axis, at steady state. This calculation does not appear to be particularly 631 remarkable when, on a like-for-like basis, it has been estimated that 632 emplacement of the Rainbow hydrothermal field would require comparable levels 633 of heat extraction for >20km along-axis (German & Lin, 2004) . What is intriguing 634 to consider in the context of this study, however, is that while the minimum 635 length-scales of fluid circulation required along-axis to sustain development of 636 large SMS deposits in magmatic settings at an ultraslow-spreading ridge-crest 637 may only be on the order of a few kilometers, the anomalously thin ocean crust 638 observed at ultraslow ridges means that fluid circulation may, nevertheless, 639 circulate to sufficient depth to interact with, and be influenced by, ultramafic 640
rocks. 641 642
Continuing work at all three of the ultra-slow spreading ridge vent-sites that have 643 been investigated to-date suggest that this may, indeed, be the case. At Loki's 644 castle, for example, it has been suggested that the longevity of venting 645 Only continuing exploration will allow the hypotheses outlined here to be tested. 662
Of the 155 hydrothermal fields predicted to exist along ultra-slow ridges (Fig.12 ) 663 only 55 have been located (of which >50 still await first detailed seafloor 664 investigations) and another ~100 remain to be discovered. But while such a 665 hypothesis may be considered highly speculative in the modern day, we do note 666 that the past 20 years of exploration have helped to confirm what was once an 667 equally speculative hypothesis, also based on preliminary data-sets: that 668 tectonically controlled venting might be of importance along slow-spreading 669 ridges (German et al., 1996) . From that historic perspective we eagerly 670 anticipate what the future exploration of Earth's slowest-spreading ridges might 671 bring! 672 673 6. Summary 674
• Although the occurrence of hydrothermal activity along mid ocean ridges can be 675 predicted from spreading rate alone, not all venting at slow and ultraslow-676 spreading ridges may be related, directly, to ridge-crest magma delivery rates. 677
• On the slow-spreading Mid-Atlantic Ridge, only half of the ~20 active sites that 678 have been investigated in detail are located at the centers of second order ridge 679 segments, in magmatic-hosted settings comparable to hydrothermal systems on 680 fast-spreading Mid Ocean Ridges. An approximately equal number of MAR 681 "black smoker" systems occur that are tectonic-controlled. 682
• Due to sustained fluid circulation along deep-penetrating and continuously 683 reactivated fault systems, tectonic-hosted vent-sites on slow spreading ridges 684 have the potential to host much larger seafloor massive sulfide deposits than are 685 formed in magmatic-hosted settings. 686
• In an important subset of tectonically hosted MAR systems where fluids interact 687 with ultramafic rocks, surface samples from the resulting SMS deposits are 688 particularly enriched in both copper (>10wt.%) and gold (>3ppm). 689
• Along ultraslow-spreading ridges, formation of large SMS deposits is also 690 predicted to occur in tectonic-hosted settings but formation of large SMS deposits 691 in magmatic-hosted settings may also be common. 692
• Because of the anomalously thin ocean crust typical along ultraslow-spreading 693 ridges, SMS deposits formed in both tectonic and volcanic settings on these 694 ridges may also be anomalously Cu-and Au-rich. 695
• It is predicted that more high temperature vent-sites remain to be discovered 696 along Earth's slow and ultra-slow spreading ridges than have ever been 697 discovered worldwide, to date. The potential for future resource discovery along 698
Earth's slowest spreading ridges is higher now than ever previously predicted. 
